I. INTRODUCTION

M
AGNETIC NANOPARTICLES (MNPs) are receiving more and more attention due to their potential applications in biotechnology and biomedical science, such as cell separation, magnetic resonance imaging, controlled drug release and hyperthermia treatments [1] . MNPs can also be used as a label, offering three main advantages compared to fluorescent labels: no-bleaching, detection in opaque media (blood for example) and low toxicity [2] .
Whatever the application is, the detection of MNPs is required, to set the intensity of the magnetic field in the case of hyperthermia treatment or to quantify the amount of drug delivered in controlled drug release application. Although depending on the applications, several magnetic sensors can be used for the detection; the detection principle the most commonly used consists in the detection of the magnetization of the MNPs when are exposed to an external magnetic field. The technical challenge of MNPs detection is to develop detection systems that are sensitive enough to detect a single magnetic nanoparticle or clusters of nanoparticles, ideally in continuous flow. Several magnetic sensors, Giant magnetoresistive (GMR) sensors, spin-valve sensors [3] , fluxgate, SQUID [4] , hall sensors [5] and recently Giant MagnetoImpedance (GMI) sensors have been investigated for the detection of either immobilized MNPs or MNPs flowing in tubes. Depending on the miniaturization and cost constraints on the developed detection system, some sensors are preferred. Specially, the integration of the detection system into a so-called microfluidic microsystem often leads to small sensors such as GMR [6] , spin-valve [7] miniaturized hall sensors [8] or GMI [9] - [13] . This paper addresses a new configuration for the setup of a detection system of MNPs flowing into a microfluidic channel in- volving a GMI sensor. The detection principle is described in the first section, then, configuration of the detection system setup is presented. In Section IV, experimental results illustrate the proper functioning of the setup in good agreement with theory.
In conclusion, improvements are discussed to quantify the detections limits of such configuration.
II. PHYSICS PRINCIPLE
MNPs are small magnetic particles with a size of few tens of nanometers. Their small size makes them superparamagnetic which means that their magnetic susceptibility, , is below 1, and usually they are monodomain. When the MNPs are placed into an external magnetic field , a magnetization is induced, expressed for linear homogeneous and isotropic material by (1) The magnetic moment of a volume of MNPs moving along a -axis induces a magnetic induction at a point of the space according to (2) The latter can be expressed by two magnetic field contributions as (3) and (4) where is the permeability of free space , and depending on the position of relative to the magnetic sample, is the time and is the speed of the MNPs.
0018-9464/$31.00 © 2012 IEEE The illustration of these two field contributions in Fig. 1 exhibits that the maximum of is twice higher than the one of . The detection of the magnetic induction produced by the MNPs can be sensed by a magnetic sensor. The latter is usually placed perpendicularly to the magnetization field in order to sense only the contribution of the magnetic induction produced by the MNPs and not to be saturated by . According to the detection setup, two major configurations can be found in literature [10] , [14] depending on the directions of the magnetic sensor sensitive axis, the displacement of the MNPs and the magnetization field. Depending on the configuration either the or the contribution of the magnetic induction of the MNPs is predominant. In previous works, configurations favoring were investigated in either static [5] or dynamic measurement setups [9] , [10] . Configurations favoring have also been developed with GMR [14] or SQUID [15] as magnetic sensors.
Here, the measurement of the contribution is privileged because of the expected better response. In these conditions, the measured signal is expressed by (5) with , where is the initial position of MNPs. The simulated signal is given in Fig. 2 .
III. EXPERIMENTAL SETUP
The experimental setup is depicted in Fig. 3 . MNPs are magnetized by a pair of Helmholtz coils in an AC magnetization field. The latter is perpendicular to the sensitive axis of the GMI microwire sensor in order to sense only the tiny stray field from the MNPs which are exposed to the magnetization field. Such arrangement prevents the saturation of the magnetic sensor and easily enables high dynamic range measurements. The frequency of the magnetization field is selected taking into Fig. 2 . Simulated signal response as a function of the displacement of the MNPs when the magnetization field is applied on the -axis and the sensitive axis of the GMI microwire is along the -axis which corresponding to the case of the setup of this work.. We notice that the sensitive axis of the GMI and the axis of the displacements of the nanoparticles are not coplanar. account the noise limitation of the GMI microwire and in order to optimize the signal noise ratio (SNR) of the GMI sensor microwire knowing the limited bandwidth of the pair of Helmholtz coils. The magnetization field is applied at a frequency of 1 kHz with an amplitude of 9200 A/m. Another set of Helmholtz coils is located parallel to the sensitive axis of the GMI microwire to define a proper working point for the GMI microwire sensor with a DC bias field . The MNPs flow into a glass microchannel placed between the two sets of Helmholtz coils.
The maximum field generated by the MNPs is given by (6) where is the mean distance between the MNPs and the sensitive axis of the GMI microwire. The magnetoimpedance signal variation is written such as [16] (7) The voltage across the GMI microwire is expressed by (8) The GMI microwire sensor is connected to a diode rectifier demodulation circuit and then to an amplifier.
So, the output signal is given by (9) where is the gain of the amplifier, and are the pulsation and current excitation of the GMI sensor, respectively. The frequency corresponding to the pulsation excitation of the GMI microwire is 15 MHz and the current is 12 mA.
Thus, the amplitude variations due to the magnetic liquid displacement are demodulated with a lock-in amplifier. At the working point, fixed by , the sensitivity of the GMI microwire [17] is 1300 V/T and the gain of conditioning electronics is 500. A National Instrument acquisition card (NI-USB-6251) coupled to a Labview interface is used for the recording of the output of the lock-in amplifier.
Finally, the total output signal after synchronous demodulation can be expressed by (10) where is the gain of the lock-in amplifier and is the sensitivity of the GMI at the working point. From there, the signal to noise ratio of the measure can be calculated knowing the equivalent magnetic noise of the system. In the present setup, the noise floor of the GMI microwire is around 150 .
IV. EXPERIMENTAL RESULTS
Before performing dynamic measurements with the MNPs flowing into the microchannel , the MNPs used were characterized. For that, static measurements were performed with different concentrations of UltraSmall Particles of Iron Oxyde (USPIO) provided by the French laboratory Guerbet.
A. Static Measurement
The experiment is performed by putting a sample of MNPs in the setup and measuring the difference voltage between the signal with and without sample. Fig. 4 shows results of static measurements, for different MNPs concentrations in the same volume of 180 . Nine samples of MNPs were used with decreasing concentration from 18 mmol (Fe)/l down to 70 (Fe)/l corresponding to a 1/2 dilution factor.
The recorded signal illustrated in Fig. 4 is proportional to the concentration, which is in good agreement with theory. The smallest concentration detected was 140 (Fe)/l (18 mmol/ 128). The SNR limitation of the system prevents the detection of the last sample. The postdetection bandwidth of the lock-in amplifier was set at 1.6 Hz and the noise level of the GMI microwire at 1 kHz is close to 1 . The RMS variance of noise in the bandwidth is 1.7 nT, in agreement with SNR depicted in Fig. 4 .
B. Dynamic Measurement
For dynamic measurement, the highest concentration of USPIOs was mixed with oil to form plugs of liquid with MNPs and injected in the microchannel using a syringe. Fig. 5 shows examples of the data collected during a continuous flow experiment.
A video camera and an acquisition card record the displacement of the liquid of MNPs and the data, respectively, at the same time to ensure the correlation between the measured magnetic signal and the position of the plugs of MNPs in the channel. The measured signal rises when the edge of the plugs in the channel approach the sensitive axis of GMI microwire, as shown in Fig. 5 . It is maximum when the plug of MNPs is symmetrically apart from the sensitive axis of the GMI. It corresponds to what it is expected by theory (Fig. 2) . Fig. 5 (a) and (b) shows representative data acquired during the experiments corresponding to two successive passages of the MNPs liquid and to the passage of the smallest volume sensed, respectively. A graph paper was placed close to the microfluidic channel for a better evaluation of the sample sizes (the square side is 1 mm).
The small pictures are extracted from video recording corresponding to the passage of the MNPs. The postdetection bandwidth of the lock-in amplifier was set at 7.8 Hz and yields to SNR of 3. The smallest volume of MNPs fluid detected during the experiments was 180 nl with a flow rate of 260 nl/s and a concentration of 18 mmol (Fe)/l. Taking into account the SNR of the setup, volumes down to 60 nl should be detectable. 
V. DISCUSSION
Notice that in the case of dynamic measure, the setup bandwidth is adapted to the liquid speed. Nevertheless, it increases the noise of the detection system, and consequently decreases the signal to noise ratio. For the in vivo application of the MNPs, the concentration of MNPs in the human body can't exceed a dosage of 40 (Fe)/l to avoid MNPs agglomeration in the organism [18] . Thereby, for real times acquisition of liquid flowing, in blood vessel for example, a fast detection system is required. Presently, the noise floor of the GMI was 150
. A noise floor less than 1 can be obtained [19] . In this case, and with a voltage source allowing to supply the pair of Helmholtz coils over the corner frequency of the GMI microwire noise, a concentration of MNPs of 150 nmol (Fe)/l should be detectable in static measurement. It corresponds to a concentration of 20 (Fe)/l in dynamic detection with a MNPs speed of 4.3 mm/s. Therefore, an in vivo detection of MNPs flowing in blood vessels is possible.
VI. CONCLUSION
We have developed a detection system of MNPs flowing into a microchannel and we have successfully sensed the passage of the MNPs. With an optimized GMI microwire sensor and an optimized voltage source, detection of MNPs with concentrations compatible with in vivo experiments becomes achievable, opening the way to new interesting biomedical applications.
